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Available online 23 July 2011AbstractThe spatial distribution of Calanus species was examined near Franz Josef Land archipelago in August 2006 and 2007. Surface
and bottom water temperatures exceeded the average multiannual values. Calanus species dominated the total mesozooplankton
abundance and biomass, accounting for 818 178 individuals m3 (mean SE) and 803 163 mg wet weight (WW) m3,
respectively, in 2006. In 2007, the values were much lower (153 29 individuals m3 and 192 17 mgWWm3, respectively),
reflecting the weaker influence of warm Atlantic water that year. Calanus glacialis dominated the Calanus populations, contrib-
uting 95% and 60% of the biomass in 2006 and 2007, respectively. Older copepodite stages (CIVeCV) predominated in the
C. finmarchicus (69% and 76%, respectively) and C. hyperboreus populations (80% and 77%, respectively), whereas young
copepodites (CIeCIII) were predominant in C. glacialis (45% and 59%, respectively). A clear negative relationship between the
average water temperature and the total Calanus biomass was observed in 2006, whereas a positive correlation between these
parameters was observed in 2007. The distributions of three Calanus species off Franz Josef Land were mainly associated with
hydrological conditions and circulation patterns.
 2011 Elsevier B.V. and NIPR. All rights reserved.
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Copepods are the dominant components of zoo-
plankton communities in all the seas of the world’s
oceans (Raymont 1980). They account for 30e98% of
the total zooplankton biomass in the Barents Sea,
depending on the season (Arashkevich et al., 2002).
Calanus finmarchicus is the most abundant species in
most parts of the Barents Sea, except for the northern
zone bordering the Arctic Ocean (Melle and Skjoldal,E-mail addresses: v-dvoretsky@yandex.ru, vdvoretskiy@mmbi.
info.
1873-9652/$ - see front matter  2011 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2011.06.0041998; Timofeev, 2000). A vast amount of data concern-
ing the life history, vertical distribution, reproduction,
seasonal and interannual abundance, and biomass
dynamics of C. finmarchicus has been collected over the
years (Fomin, 1995; Melle and Skjoldal, 1998). The
nauplii and young copepodites of C. finmarchicus are
a major food resource for other zooplankters, such as
carnivorous copepods (e.g., Metridia, Pareuchaeta),
medusae, ctenophores (Timofeev, 2000), and the larvae
of most commercial fishes (Pepin and Penney, 2000;
Orlova et al., 2009). The old stages and adults of C. fin-
marchicus play a key role in feeding pelagic fishes,
including arctic cod (Gadus morhua), polar cod (Bor-
eogadus saida), haddock (Melanogrammus aeglefinus),reserved.
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Orlova et al., 2009).
Calanus glacialis is present in the shelf seas of the
Arctic, the White Sea, and the Central Arctic Ocean
(Daase and Eiane, 2007; Daase et al., 2008; Søreide
et al., 2008). The species prevails in waters north of
the 78N latitude in the Barents Sea. Data concerning
the biology of C. glacialis have been obtained for
Disko Bay (western Greenland; Madsen et al., 2001),
the White Sea (Kosobokova, 1999), and the north-
western part of the Barents Sea (Timofeev, 2000).
Calanus hyperboreus also occurs in this region. This
species dominates in the Greenland Sea and the Arctic
Ocean (Richter, 1994; Hirche, 1997). It also occurs in
the Canadian Arctic, the Arctic Shelf, and the Central
Arctic Basin, but at lower abundances (Dawson, 1978).
Both C. glacialis and C. hyperboreus are main
components of the pelagic ecosystems in the northern
part of the Barents Sea (Falk-Petersen et al., 2007).
Therefore, these three Calanus species are typical in
the Arctic waters of the Barents Sea.
Knowledge of the reproductive cycles of Calanus
species should allow us to better understand the organi-
zation and functions of pelagic communities in Arctic
seas. Despite some progress in studying Calanus
(ecology, demography, life cycles, and reproduction), the
main features of the population structures of C. fin-
marchicus, C. glacialis, and C. hyperboreus are less well
known for the northern part of the Barents Sea. Only one
previous international investigation has described the
mesozooplankton community near the Franz Josef Land
(FJL) archipelago (Kosteyn and Kwasniewski, 1992).
Theaimof this studywas to investigate the abundance and
biomass distributions of these three calanoid copepods off
FJL, to compare the present results with those for other
Arctic regions, and to examine how Calanus species
respond to hydrological conditions.
2. Materials and methods
2.1. Study area
The FJL archipelago (80e82N) is a high-latitude
system of large and small islands separated by deep
straits. FJL is situated at the border between the
Barents Sea, the Kara Sea, and the Arctic Basin of the
Arctic Ocean. Five different water bodies can be
distinguished off FJL (Table 1): the Arctic Ocean
waters, the Atlantic waters, the Barents Seawaters, the
Kara Seawaters, and the local (shelf) waters. More
complete information on the study area can be found in
Denisov et al. (1994).2.2. Zooplankton sampling and processing
Mesozooplankton samples were collected during
the expeditions of the RV “Dalnie Zelentsy” to the
northern Barents Sea in 2006 (23e25 August) and
2007 (26e30 August; Fig. 1, Table 2). The locations of
the sampling stations differed between the two years,
sited in the southern and central regions in 2006 and
the western and central regions in 2007. The vertical
profiles of water temperature and salinity were
measured for the whole water column using an SBE
19plus SEACAT Profiler CTD (Sea-Bird Electronics,
USA). Because the cruise time was limited, vertical
hauls were taken with a 168 mm Juday net
(area¼ 0.1 m2) from near the bottom (see Table 2) to
the surface (at shallow-water stations) or from 100 m
to the surface (at deep-water stations). The samples
were preserved in a 4% borax-buffered formaldehyde-
in-seawater solution.
In the laboratory, the samples were sequentially
divided using a pipette splitter until the smallest
subsample contained about 500e1000 zooplankters
(with 200e300 specimens of the Calanus species
among them). The morphologically similar species
C. glacialis, C. finmarchicus, and C. hyperboreus were
separated using prosome length frequency histograms
made separately for each copepodite stage, using the
Statistica 6.0 software package. The program produced
length spectra of the copepodites’ body sizes. Some
overlap in the size distributions was only noted for
individual specimens of adult C. glacialis and C. fin-
marchicus. Previously published data on the size of
Calanus (Madsen et al., 2001; Kwasniewski et al.,
2003) were also used to separate the young stages of
the species. Copepodites IVeVI of C. hyperboreus
were identified by the presence of acute spines on the
last prosome segment (Brodsky, 1967). The abundance
and biomass of each stage were computed for each net
as numbers m3 and mg m3, respectively, assuming
100% filtering efficiency of the net used. The meso-
zooplankton and Calanus biomasses were calculated
using data in the literature (Richter, 1994; Madsen
et al., 2001) or nomogrammes (Chislenko, 1968).
The latter method was used to estimate the biomass of
the younger stages (CIeIII). Nomogrammes are
experimental curves representing the 3D forms of
aquatic animals plotted against their wet biomass.
To compare the present data with those in the litera-
ture, all the values were expressed as wet weights
(WW), applying a conversion factor as follows:
1 WWmg¼ 0.16 mg dry weight (Vinogradov and
Shushkina, 1987).
Table 1
Parameters of the Franz Josef Land water masses (Denisov et al., 1994).
Water mass Primary distribution Temperature (C) Salinity
Surface Arctic waters (SAW) West, southwest e1.5 to þ4.5 <33.0
Local (shelf) waters (LW) North, northeast, southeast <1 >35.0
Barents Seawater (Barents Sea Water) West, southwest >1 34.5e35.5
Atlantic water (AW) West, southwest 0 to þ2 >34.5
Kara Seawaters (Kara Sea Water) Northeast e0.5 to þ1 33.5e35.0
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Routine data analysis was performed and the descrip-
tive statistics calculated with the Statistica 6.0 software
package. Station cluster analysis was performed with
complete linkage based on a BrayeCurtis dissimilarityFig. 1. General map of the study area, with the main currents of the northern
near Franz Josef Land in 2006 (b) and 2007 (c).matrix of the Calanus species abundance at each stage to
identify spatial differences (Field et al., 1982). The orig-
inal abundance data were rooteroot transformed.
Nonmetric multidimensional scaling (NMDS) was per-
formed with the BrayeCurtis dissimilarity index for the
Calanus species in each sample to support the clustersector of the Barents Sea (a) and the locations of the sampled stations
Table 2
List of sampled stations (ID, coordinates, date, time, depth/sampled layer), total mesozooplankton abundance (individuals m3), and biomass (mg
wet weight m3) off Franz Josef Land in 2006 and 2007.
Station ID N E Date Time Depth (m)/layer sampled Sea-ice cover (%) Abundance Biomass
39 80.33 52.78 23/08/2006 15:15 31/0e25 5e10 1145 392
40 80.74 53.61 23/08/2006 20:13 250/0e100 10e20 3218 1903
41 80.53 52.51 24/08/2006 1:10 78/0e70 10e20 1672 1121
42 80.39 51.45 24/08/2006 6:45 400/0e100 10e20 1379 895
43 80.23 50.47 24/08/2006 12:20 75/0e70 5e10 2279 1609
44 79.88 51.83 24/08/2006 20:05 100/0e95 10e20 1116 526
45 79.89 51.45 24/08/2006 22:21 44/0e40 5e10 1300 676
46 79.87 49.51 25/08/2006 9:25 170/0e100 5e10 1879 1028
48 79.62 47.72 25/08/2006 15:01 304/0e100 0 753 225
50 79.33 45.91 25/08/2006 20:44 85/0e80 0 989 399
350 80.90 42.80 27/08/2007 22:34 473/0e100 10e20 1246 306
370 80.87 46.16 28/08/2007 8:25 211/0e100 20e30 1824 312
390 80.73 53.62 28/08/2007 20:17 264/0e100 20e30 1872 293
400 80.61 58.10 29/08/2007 6:00 39/0e34 20e30 896 131
430 80.53 52.51 29/08/2007 20:51 87/0e80 10e20 2910 182
440 80.39 51.44 30/08/2007 0:40 381/0e100 10e20 651 239
450 80.22 50.48 30/08/2007 6:01 71/0e65 10e20 1381 196
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identify any relationships between the hydrological
parameters and the abundances and biomasses of the
Calanus species stages. Because the samples were
collected in the daytime,whenCalanus species are usually
in deep-water strata (Timofeev, 2000), the average
temperature and salinity in the 40e100 m layer at the
deep-water stations and below 20 m at the shallow-water
stations were employed. One-way analysis of variance
(ANOVA) was used to examine the differences in abun-
dance, biomass data, and the mean values for water
temperature and salinity between the clusters. Before the
analysis of variance, the quantitative data were rooteroot
transformed to ensure normality and homoscedasticity
(Zar, 1999). Nonparametric KruskaleWallis tests were
applied if heteroscedasticity was detected in the data. All
the data are presented as means standard errors (SE).
3. Results
3.1. Hydrology
The average water temperature in the 0e100 m and
0ebottom layers varied from 0.90 to þ1.32 C
(0.07 0.20 C) in 2006 (Fig. 2a). The highest
values were recorded in the southwestern FJL area
(stations [sts] 48 and 50) and the lowest values were
registered in the central part of the area investigated
(sts 40 and 42). The average water salinity fluctuated
between 34.07 and 34.44 (34.29 0.04). The
maximum salinity was recorded in the southern part of
the area investigated (sts 48 and 50; Fig. 2c). The coldArctic waters and local waters were found in the whole
100 m layer at stations 39e46, whereas the southern
stations (sts 48 and 50) showed warm Atlantic waters
at 30e0 m. The average water temperature in the
100e0 m layer varied from 0.77 to þ0.20 C
(0.77 0.09 C) in 2007, decreasing from west (st.
350) to east (st. 400) across the area investigated
(Fig. 2b). The average water salinity ranged from 33.52
to 34.33 (34.03 0.10), and was maximum in the
central part of the region (st. 440; Fig. 2d). Relatively
warm water was recorded at station 350 below 70 m.
The other stations contained Arctic and local waters.
3.2. Proportions of the major zooplankton taxa
The zooplankton communities off FJL in 2006 and
2007 consisted of 47 and 43 taxa, respectively. In both
years, the most abundant zooplankton were Copepoda,
Pteropoda, and Chaetognatha, which contributed
>93% of the total zooplankton abundance and >65%
of the total zooplankton biomass. Other taxa comprised
lower proportions of the zooplankton abundance and
biomass (Table 3). Small copepods (Copepoda nauplii,
Oithona similis and Pseudocalanus spp.) were the most
abundant in 2007, whereas the large species were
predominant in 2006.
3.3. Abundance and biomass of Calanus species
The total mesozooplankton abundance varied from
753 to 3218 individuals m3 in 2006 and from 652 to
2910 individuals m3 in 2007. The biomass varied
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Fig. 2. Vertical profiles of water temperature and salinity off Franz Josef Land in 2006 (a) and 2007 (b).
365V.G. Dvoretsky / Polar Science 5 (2011) 361e373from 225 to 1903 mgWWm3 in 2006 and from 131
to 312 mg m3 in 2007 (Table 2). Calanus species
dominated in terms of biomass in both periods inves-
tigated, accounting for 818 178 individuals m3 and
803 163 mgWWm3 in 2006 and 153 29 indi-
viduals m3 and 192 17 mgWWm3 in 2007.
Table 3
Mean proportions (%) of zooplankton taxa found off Franz Josef Land
in 2006 and 2007.
Taxon 2006 2007
Abundance Biomass Abundance Biomass
Copepoda 65.8 55.3 80.3 46.8
Calanus 32.0 52.7 9.2 42.1
Pteropoda 17.7 7.1 9.4 5.0
Chaetognatha 4.3 30.9 1.5 33.2
Appendicularia 9.5 5.9 7.3 13.2
Meroplankton 2.6 0.5 1.4 0.9
Others 0.1 0.3 0.0 0.9According to the NMDS analysis, there were large
differences between the sampled stations in 2006 and
2007 (Fig. 3a). In 2006, the NMDS analysis revealed
three groups of stations: group I, group II, and the
outlier stations (sts 39 and 48; Fig. 3b). Stations of the
same group presented similar water properties in terms
of temperature and salinity. In 2006, the group I
stations were characterized by high average surface
temperatures in the 100e0 m or 0ebottom layers
(>0.3 C), high salinity (34.13), and high C. fin-
marchicus (3.8e5.6%) and low C. hyperboreus relative
abundances (0.2e0.5%; Table 4). Group II predomi-
nantly included cold-water stations (temper-
ature<0.5 C; salinity> 34.30), with the lowest
relative abundance of C. finmarchicus (2.2 1.1%;
Table 4). Of all three groups, the outlier stations had
the lowest abundance and biomass of Calanus species
(Table 4).
Fig. 3. Ordination plots of the stations based on nonmetric multidimensional scaling using a BrayeCurtis similarity matrix of rooteroot
transformed abundances of Calanus species: (a) combined data for 2006 and 2007; (b) data for 2006; (c) data for 2007.
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first assemblage, encompassing the relatively cold-
water stations (average temperature in the 100e0 m
or 0ebottom layers, 0.41 C), had a low relative
abundance of C. hyperboreus (4.0 0.4%). The
second assemblage, encompassing the cold-water
stations (average temperature in the 100e0 m
layer, 0.52 C), had a high relative abundance of
C. hyperboreus (13 5%; Table 5). The outlier
stations were characterized by the highest water
temperature and lowest Calanus species biomass
(Table 5). The results of the cluster analysis corre-
sponded well with the NMDS analysis.
3.4. Stage composition of Calanus populations
Older copepodites dominated the C. finmarchicus
and C. hyperboreus populations (>65%), whereas
young developmental stages prevailed in the C. gla-
cialis population (>45%). In August 2006, copepoditestage CV dominated the C. finmarchicus populations
(>43%), except at st. 50, where adult females pre-
vailed (40%). Males were only encountered in small
numbers (w5%; Fig. 4a). Young developmental stages
(CIeCIII) prevailed in the C. glacialis population
(26e67%), and older stages (CIVeCV) accounted for
32e60%. Adult females accounted for 0.6%e19.1% of
the population (Fig. 4b). Only adults and CV stages of
C. hyperboreus (76e100%) were found (Fig. 4c).
In August 2007, no CIeCII copepodites of C. fin-
marchicuswere found off FJL and CIII copepodites were
rarely encountered (w3%of all stages).Copepodite stage
CV dominated the C. finmarchicus populations (57%e
68%; Fig. 4d). The age structure of C. glacialis was
similar to that noted in 2006 (Fig. 4e). The stage
composition of the C. hyperboreus population included
CIIIeCV copepodites and adults. The youngest copepo-
dites (CIeCII) were only recorded at st. 400 (8% and 5%,
respectively). Older copepodites (CIVeCV) dominated
the C. hyperboreus populations (53%e96%; Fig. 4f).
Table 4
Mean abundance (individuals m3) and biomass (mg wet weight m3) of Calanus species and mean oceanographic variables (temperature, C;
salinity) with standard errors per cluster defined in 2006 and the results of ANOVA or KruskaleWallis tests (P level: ns, not significant, P> 0.05).
Species/Parameter Abundance group Biomass group ANOVA
I II Outliers I II Outliers P level
Calanus finmarchicus
III 1.8 0.8 3.0 1.5 1.3 0.7 0.51 0.22 0.86 0.43 0.37 0.20 ns
IV 4.1 1.5 5.8 2.7 3.0 0.7 1.49 0.54 2.08 0.97 1.08 0.26 ns
V 9.9 3.9 11.1 4.7 6.2 1.2 7.98 3.19 9.01 3.79 5.03 1.00 ns
VIF 4.0 1.0 3.1 1.7 0.9 0.1 5.20 1.33 4.02 2.13 1.20 0.12 ns
VIM 1.2 0.3 1.4 0.7 0.4 0.4 1.29 0.32 1.44 0.75 0.47 0.42 ns
Total 21 7 24 11 12 0 16 5 17 8 8 1 ns
Calanus glacialis
I 26 12 154 52 82 80 0.8 0.4 4.6 1.6 2.5 2.4 ns
II 48 13 171 45 74 65 4.8 1.3 17 4 7.4 6.5 ns
III 59 14 245 52 67 49 18 4 74 16 20 15 <0.05
IV 97 18 229 34 65 37 87 16 206 30 59 34 <0.05
V 120 27 276 53 70 28 240 54 553 106 140 56 <0.05
VIF 41 13 113 14 9 6 93 31 258 32 21 13 <0.05
VIM 6 2 16 6 1.7 1.1 15 6 43 16 4.6 2.9 ns
Total 396 79 1205 221 370 253 458 84 1156 173 254 97 <0.05
Calanus hyperboreus
V 1.1 0.2 2.0 0.7 0.9 0.9 10.9 2.1 20 6 8.7 8.7 ns
VIF 0.1 0.1 0.7 0.2 0.0 1.3 1.3 11 3 0 <0.05
VIM 0.0 0.1 0.0 0.0 0.0 0.9 0.4 0 ns
Total 1.20 0.17 3 1 1 1 12 2 31 10 9 9 ns
Calanus total 418 85 1232 221 383 254 486 87 1205 179 271 105 <0.05
Temperature 0.39 0.47 e0.54 0.14 0.15 0.28 ns
Salinity 34.28 0.06 34.29 0.08 34.35 0.09 ns
Note. IeV e copepodite stages IeV, VIF e female, VIM e male.
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dance and biomass of the Calanus species
Analysis of the effects of oceanographic parameters
on the quantitative distributions of the Calanus species
showed the following patterns. There was no rela-
tionship between the average water temperatures and
salinity in the 40e100 m layer and the average
biomass of C. finmarchicus (except between the
biomass of CIV and temperature in 2007) or C.
hyperboreus (except between the biomass of females
and temperature in 2006 and the biomass of the
youngest copepodites and salinity in 2007; Table 6). A
clear negative relationship between temperature and
C. glacialis and the total Calanus biomass was estab-
lished in 2006. In 2007, C. glacialis copepodite stages
IVeVI correlated positively with salinity (Table 6).
Fig. 5 shows the relationships between total abundance
and biomass of Calanus and the mean temperature and
salinity.4. Discussion
4.1. Environmental conditions
Several recent studies have clearly shown warming
in the Arctic regions (Matishov et al., 2009). The year
2006 can be considered an anomalously warm year,
whereas the following year, 2007, was colder
(Matishov et al., 2009). The present hydrological data
(sea-ice cover, water temperature, and salinity; see
Table 2, Fig. 2) support this finding. According to
previous studies, the average temperature and salinity
in the 100e0 m layer in the north Barents Sea vary
from 1.9 to þ4.8 C and from 31.30e35.40,
respectively, depending on the year (Matishov et al.,
2000). The mean multiyear August temperature and
salinity are 0.52 0.05 C and 34.28 0.05,
respectively (Matishov et al., 2000). The values
recorded for temperature (Fig. 2) exceeded the
multiyear values by 0.44 C in 2006 and 0.14 C in
Table 5
Mean abundance (individuals m3) and biomass (mg wet weight m3) of Calanus species and mean oceanographic variables (temperature, C;
salinity) with standard errors per cluster defined in 2007, and the results of ANOVA or KruskaleWallis tests (P level: ns, not significant, P> 0.05).
Species/parameter Abundance group Biomass group ANOVA
I0 II0 Outliers I0 II0 Outliers P level
Calanus finmarchicus
III 0.12 0.01 0.00 0.26 0.04 0.03 0.00 0 0.08 0.01 <0.05
IV 0.62 0.04 1.12 0.86 1.43 0.55 0.22 0.02 0.40 0.31 0.52 0.20 ns
V 3.22 0.51 1.76 0.44 2.05 0.33 2.61 0.41 1.43 0.36 1.66 0.27 ns
VIF 1.28 0.17 0.77 0.11 0.55 0.07 1.65 0.22 1.00 0.14 0.71 0.09 <0.05
VIM 0.06 0.01 0.02 0.02 0.00 0.06 0.02 0.02 0.02 0.00 ns
Total 5.29 0.69 3.68 0.29 4.30 0.11 4.57 0.64 2.85 0.21 2.96 0.17 ns
Calanus glacialis
I 26 12 27 9 51 37 0.8 0.4 0.8 0.3 1.5 1.1 ns
II 33 7 13 1 43 28 3.3 0.7 1.3 0.0 4.3 2.8 ns
III 18 5 7 4 32 21 5.3 1.4 2.1 1.3 9.6 6.3 ns
IV 19 3 13 9 19 16 16.5 2.4 12 8 17 15 ns
V 30 9 2.2 1.3 21 17 60 17 4.4 2.7 41 34 ns
VIF 17 5 31 2 12 1 39 12 70 5 27 3 ns
VIM 1 0.2 2 0.5 1 0.1 3 1 4.7 1.2 3.2 0.3 ns
Total 143 13 95 17 179 120 127 26 96 16 104 61 ns
Calanus hyperboreus
I 0.00 0.00 0.29 0.29 0 0 0.01 0.01 ns
II 0.00 0.00 0.18 0.18 0 0 0.02 0.02 ns
III 0.56 0.28 0.00 0.09 0.09 0.65 0.33 0 0.10 0.10 ns
IV 1.84 0.45 8.49 4.74 0.88 0.26 4.51 1.10 20.85 11.65 2.17 0.65 ns
V 1.84 0.51 4.41 0.00 2.76 0.64 18.03 5.05 43.26 0.00 27.04 6.27 ns
VIF 1.81 0.20 0.95 0.37 1.32 0.22 46.51 5.12 24.39 9.64 34.04 5.67 ns
VIM 0.19 0.08 0.18 0.04 0.09 0.00 3.44 1.47 3.17 0.79 1.59 0.00 ns
Total 6 1 14 4 5.6 1.2 73 9 92 1 65 1 ns
Calanus total 155 14 112 13 189 119 205 26 190 15 172 60 ns
Temperature e0.41 0.12 e0.52 0.34 e0.25 0.45 ns
Salinity 34.13 0.03 34.08 0.25 33.85 0.33 ns
Note. IeV, copepodite stages IeV; VIF, female; VIM, male.
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sponded to the typical values for the northern Barents
Sea in both periods investigated (Matishov et al.,
2000).
Phytoplankton blooms begin near FJL during ice
melt. The development of intensive blooms in the
region can be observed from late July to late
September, but they usually appear in September,
when the mean chlorophyll a concentration reaches
0.85 0.35 mg L1 (Kuznetsov et al., 1994). Although
the phytoplankton concentration was not measured,
high phytoplankton concentrations were visually
observed in the zooplankton samples in 2006 and 2007,
which is consistent with the observation of phyto-
plankton blooms during previous studies (Kuznetsov
et al., 1994).4.2. Abundance and biomass of Calanus species
Some samples were collected at different locations in
2006 and 2007 (Fig. 1). Therefore, data for the two years
studied cannot be directly compared. However, four
pairs of stations (sts 40e390, sts 41e430, sts 42e440, and
sts 43e450) were situated at the same localities. The
present data (Table 2) show that the biomass of Calanus
species in 2006 was 3.7e6.2 times higher than in 2007.
The main differences were observed in C. finmarchicus
and C. hyperboreus. Their abundances were lower, on
average, by a factor of 268 and 685, respectively, in
2007 relative to those in 2006 (Tables 4, 5). The abun-
dance of C. glacialis was 11e23 times lower in 2007
than in 2006. It is possible that these differences were
associated with hydrological conditions in the periods
Fig. 4. Stage compositions of Calanus finmarchicus (a, d), C. glacialis (b, e), and C. hyperboreus (c, f) off Franz Josef Land in 2006 and 2007,
respectively.
369V.G. Dvoretsky / Polar Science 5 (2011) 361e373studied (see above) and the increased inflow of warm
Atlantic waters into the Barents Sea in 2001e2007
(Matishov et al., 2009). Dalpadado et al. (2003) have
previously shown that the average zooplankton biomass
is higher in warm years. This pattern is also associated
with the higher inflow of advected organisms, e.g.,
Calanus spp., with the Atlantic waters, as well as highTable 6
Correlations of hydrological variables (Pearson’s product moment correlatio
Parameter 2006
Biomass Temperature, C
Calanus finmarchicus IV e0.26
Calanus glacialis IeIII e0.44
Calanus glacialis IVeVI e0.55*
Calanus hyperboreus IeII e
Calanus hyperboreus VIF e0.61*
Total Calanus e0.57*
*P< 0.05. IeV, copepodite stages. VIF, female.temperatures, which may lead to high growth rates of
zooplankton.
We found that the Calanus species were distributed
patchily in 2006 and 2007 (Tables 4 and 5). For
example, the total abundance of Calanus at st. 43 was
five times higher than that at the adjoining st. 44. One
of the main characteristics of FJL is its intensive localn coefficients) with Calanus species biomasses.
2007
Salinity Temperature, C Salinity
e0.04 0.89* e0.09
0.01 0.79* 0.52
0.11 0.22 0.73*
e e0.22 e0.81*
0.35 e0.08 0.54
0.11 0.3 0.78*
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Fig. 5. Distributions of the total abundance (N; individuals m3) and biomass (B; mg wet weight m3) of Calanus species in relation to mean
temperature (a, c) and salinity (b, d) off Franz Josef Land in 2006 and 2007, respectively.
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affect zooplankton distributions. Similar patterns have
been observed in the coastal waters of the southern
Barents Sea (Timofeev, 2000).
Our data on the spatial distribution of Calanus
(Tables 4 and 5) differ somewhat from the data collected
in previous investigations in temperate and cold years.
First, a small presence of C. finmarchicus was recorded
near FJL, although there are no data about the occur-
rence of this species in the region (Shuvalov and
Pavshtiks, 1977), except one finding of C. finmarchi-
cus in August 1991 (Kosteyn and Kwasniewski, 1992).
The distribution of C. finmarchicus in the Arctic isassociated with the Atlantic water mass (Falk-Petersen
et al., 2007; Daase and Eiane, 2007; Søreide et al.,
2008). It is suggested that there may have been
copepod migration or advection into the north of the sea
with warm Atlantic waters in 2006 and 2007. Skjoldal
et al. (1992) showed that the abundance of C. fin-
marchicus, the most dominant zooplankton in the
Barents Sea, is closely related to the supply of warm
water entering from the Norwegian Sea. Recent studies
have shown that the inflow of warm Atlantic waters into
the Barents Sea was higher in 2006 than in 2007
(Matishov et al., 2009). Therefore, the occurrence of this
species may be related to the presence of the Atlantic
371V.G. Dvoretsky / Polar Science 5 (2011) 361e373water mass near FJL in 2006 and 2007. Recently,
Ellingsen et al. (2008) found that an increase in the
Atlantic zooplankton biomass may be a response of the
mesozooplankton community to Arctic warming. The
present results support this finding. A similar pattern has
been observed during warm years in the Barents Sea
(Dvoretsky and Dvoretsky, 2009a, b).
Second, much lower total abundances for C. gla-
cialis and C. hyperboreus were registered than those
described by Shuvalov and Pavshtiks (1977), who
found that in September 1970, CIeCIII copepodites
dominated the C. glacialis population, averaging
5000 individuals m3, and that the C. hyperboreus
populations consisted of CIeCIV copepodites
(120e350 individuals m3). However, those authors
studied the Calanus distributions in the upper layer
(0e5 m), whereas in the present study their distribu-
tions were investigated in the 100 m layer.
Third, the biomasses of C. glacialis were consider-
ably higher in the present study than in the data available
for August 1991 (abundances of 50e475 individu-
als m3 at temperatures from e1.5 to e0.5 C; Kosteyn
and Kwasniewski, 1992) and September 1997 (the
biomass was 48 mg m3; Musaeva and Gagarin 2000).
These discrepancies between studies may be explained
by the lower water temperatures in the previous study
periods and the different sampling seasons. Similarly,
Blachowiak-Samolyk et al. (2007) have shown that the
mesozooplankton abundance and biomass were two
times higher in August, when the sea-surface tempera-
ture was higher, than in May in the Fram Strait region
during 2003. Therefore, the present data suggest that
a complex interaction of factors (temperature condi-
tions, local circulations, and advection) affect the
distribution patterns of Calanus species near FJL.
4.3. Age compositions of Calanus populations
In this study, Calanus was sampled in the upper
100 m. Some developmental stages of its population
(especially adults and stage CV copepodites) may well
have been in diapause by the end of August in the deep-
water layers (Timofeev, 2000). Therefore, information
on the distribution of the older stages of the Calanus
species remains incomplete, although the distributions
of the young stages seem reasonable because they tend to
be found in the upper layers. No young copepodites
(CIeCII) of C. finmarchicus were recorded in 2006 or
2007 (Table 4, Fig. 4a, d). It has been noted that C. fin-
marchicus prefers a water temperature of 2e13 C to
reproduce successfully (Fomin, 1995). It is suggested
that the C. finmarchicus populations near the FJL areacould be specimens transported in with warm Atlantic
waters. Another possible source is the Kara Sea or the
central and northwestern Barents Sea. Because no data
were recorded for the Kara Sea Water in 2006 and 2007
(Fig. 2), it is possible that C. finmarchicus was advected
from other parts of the Barents Sea.
Calanus glacialis usually has a 2-year life cycle
(Melle and Skjoldal, 1998; Kwasniewski et al., 2003).
The reproductive period starts before or during the
phytoplankton bloom (Kosobokova, 1999). In the
present study, all developmental stages of C. glacialis
were present (Fig. 4b, e). The overwintering population
of C. glacialis is dominated by stages CIV and CV.
Development into adults is completed during the
second year of the life cycle. In the Laptev Sea and
Canadian Arctic, reproduction usually starts between
late July and late September (Grainger, 1961;
Kosobokova and Hirche, 2001). Copepodite stages
CIIIeCV dominated the C. glacialis populations off
FJL (Fig. 4b, e), as has been observed in the Laptev
Sea and the Central Arctic Basin (Kosobokova and
Hirche, 2001; Auel and Hagen, 2002).
Calanus hyperboreus has a 1- to 5-year life cycle in
the Barents Sea (Melle and Skjoldal, 1998), Greenland
Sea and Disko Bay (Hirche, 1997; Madsen et al., 2001),
the Arctic Ocean (Dawson 1978), and the Gulf of St
Lawrence (Plourde et al., 2003). Data are only available
for the upper layer, so the real distribution of the species
cannot be presented because only a fraction of the
females enter the surface layers in summer (Dawson,
1978). Alternatively, the low abundances of C. hyper-
boreus in the present study may be explained by the
oceanic habit of this species, which is less common in
shelfwaters (Timofeev, 2000; Falk-Petersen et al., 2007).
4.4. Effects of physical properties on the abundance,
biomass, and size of the Calanus species
The development of populations of zooplankters is
mainly governed by physical environmental properties
(especially water temperature and salinity), which affect
their distributions either directly or indirectly by influ-
encing their food stocks. Salinity varied from 33.27 to
34.91 in the present study area. This did not seem to
restrict the distributions of the Calanus species because
the tolerance range of most the marine copepods is
30.00e35.50 (Fomin, 1995). A positive correlation
between water temperature (0e50 m) and C. finmarchi-
cus nauplii and copepodites has been observed in the
southwestern part of the Barents Sea (Timofeev, 2000). A
direct correlation between temperature conditions and C.
finmarchicus abundance has been demonstrated on the
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Faroe Shelf (Gaard, 1996), and in Iceland waters
(Gislason and Astthorsson, 1995). Negative relationships
between water temperature, salinity, and C. hyperboreus
abundancewere established near Svalbard (Kwasniewski
et al., 2003). A positive correlation was found betweenC.
glacialis abundance, temperature, and salinity (Daase
et al., 2007). In this study, no information was collected
on the vertical distribution ofCalanus species. Therefore,
assuming thatCalanus species concentrate in the deeper-
water layers during the day (Timofeev, 2000), average
hydrological variables were employed for the 40e100 m
and 20 mebottom layers. A strong positive correlation
was observed between water temperature and C. fin-
marchicus populations in 2007, whereas C. hyperboreus
varied negatively with temperature in 2006 and with
salinity in 2007 (Table 6, Fig. 5). Presumably, C. hyper-
boreus occurs near the bottom of the water column
because of the high temperatures near the surface,
whereas C. finmarchicus prefers the warm upper layers
(Kwasniewski et al., 2003). Moreover, C. hyperboreus is
considered to be a cold-water species (Conover, 1967;
Kwasniewski et al., 2003), and the present findings
(Table 6) support this interpretation. C. finmarchicus is
a boreal species (Timofeev, 2000), associated with
Atlantic waters in the northern Barents Sea. Therefore, it
is expected that this species would be more abundant off
FJL. The total biomass of C. glacialis correlated nega-
tively with the average water temperature in the
40e100 m and <20 m layers in 2006 (Table 6, Fig. 5).
This reaction is probably typical for this true Arctic
species when water temperatures are anomalously high,
as in warm years. The opposite pattern was recorded in
2007, when an increase in the copepod biomass was
observed with increased temperatures (Fig. 5). In this
case, this relationship (increasing biomass with
increasing temperature) was also associated with
temperature, which was similar to the multiannual
average temperature. However, the different responses to
temperature in 2006 and 2007 may have been caused by
the differences in the stations examined.
5. Conclusion
The zooplankton communities off FJL in 2006 and
2007 consisted of 47 and 43 taxa, respectively, with
Copepoda, Pteropoda, and Chaetognatha the most
common taxa. Calanus species dominated in terms of
biomass in both periods investigated. The biomass of the
Calanus species was 3.7e6.2 times higher in 2006 than
in 2007. The greatest differences were observed for C.
finmarchicus and C. hyperboreus. Older copepoditesdominated the C. finmarchicus and C. hyperboreus
populations, but young developmental stages prevailed
in the C. glacialis population. The C. glacialis biomass
was considerably higher in the present study than in the
data available for August 1991. The distributions of the
three Calanus species off Franz Josef Land was mainly
associated with an increased inflow of Atlantic waters
into the Barents Sea, local hydrological conditions, and
circulation patterns.
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